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Abstract
Microstructure and thermal properties of inorganic geopolymeric materials synthesized
from metakaolin at 65C have been investigated for their further application as a thermal
barrier for concrete structures. Thermogravimetric analysis of two geopolymer compositions
revealed good thermal stability of this material at temperatures of up to 1000C. Substantial
expansion of the samples with addition of silicawere observed during heat treatment at 450C
and
800C, accounting for the differences in microstructure between the two compositions
as was seen with scanning electron microscope. Infrared analysis revealed the presence of
additional structural groups for silica-containing specimens.
The ability of mortar samples to withstand elevated temperatures was based on the
degree of compressive strength loss as well as the microstructure changes that were observed
before and after the exposure of specimens to 450C and 800C for one hour. As compared
to unprotected concrete, the reduction in strength at 450C was 12% and 14% less for mortar
cubes coated with metakaolin-based geopolymer and that with addition of amorphous silica,
respectively. At 800C, the observed difference was more than 20%. Infrared analysis and
electron spectroscopy studies of heat treated mortar showed little signs of deterioration when
samples were coated with geopolymer. Consequently, it was determined that geopolymer can
be used as a suitable coating for thermal protection of concrete.
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Chapter 1
Introduction
Concrete is a combination of cement, aggregates, and water chemically mixed together
and cured to result in a material that is well suited for construction purposes [1]. Cements
have been used in construction industry since Egyptian and Roman times, while concrete
dates back to 1800s. It gained its popularity as a building material due to a combination of
favorable properties, such as high compressive strength, reasonable durability, ease of han
dling, and low production cost [2] . Moreover, concretes can be reinforced or prestressed to fit
a wide variety of applications [1] . Presently concrete is used for such structural applications
as bridges, dams, buildings, arches, and roofs [3].
Although concrete is widely used in construction industry, it has been found that there is
a set of limitations associated with it. Some weaknesses, such as low resistance to acid and
sulfate attack, carbonation, and slow alkali-silica reaction, are related to the chemical compo
sition of the material. Production techniques, which can not be altered, require high energy
consumption and have a negative environmental impact. Carbon dioxide gas, which is a
byproduct of concrete manufacturing, contributes to the greenhouse effect and consequently
global warming [4] [5]. The degradation ofmechanical properties is the biggest problem asso
ciated with concrete as it is usually used as a load bearing structure. It has been found that
concrete does not maintain its compressive strength when subjected to temperatures higher
than 400C [6] [7]. Moreover, large cracks may develop as a result of heat exposure, leading
to the permanent loss of durability, structural stability, and subsequent failure. Temperature
rise can be observed under conditions involving large amounts of energy release, such as in
nuclear plants and fires.
Several strategies may be employed to prevent deterioration of concrete when it is sub
jected to elevated temperatures. For example, its composition can be altered to yield a
material with more favorable properties or it can be insulated on the heated side [8]. Since
changing concrete's composition is not feasible for an existing construction, coating concrete
with a protective layer is considered. Such material should not only possess high thermal
stability, but should also be fairly inexpensive and easily manufactured if it is to be incor
porated into the mass production. Most organic polymers cannot be used for such purposes
since they soften and ignite at temperatures of 400-600C. Carbon and glass fibers are suit
able for high temperature applications, but high temperature fiber binding matrix is not
available at the present time [9].
This work considered geopolymer, an inorganic polymeric material based on silicon and
aluminum, as a possible coating for concrete. An increase in the use of geopolymers can
be attributed to the widespread availability of raw materials, ease of production, and the
ability to manipulate their mechanical, chemical, and thermal properties by altering chemical
composition. Since all of its constituents are available commercially and often consist of
waste materials, geopolymers are easy and inexpensive to manufacture. In addition, they
can be fabricated and cured at ambient temperature. Production of geopolymers requires
lower levels of energy consumption than those needed for concrete. Moreover, geopolymer
manufacturing does not produce harmful CO2 gases that can be viewed as one of the greatest
disadvantages of cement production industry [10].
Geopolymer's properties can be tailored for specific applications by changing concentra
tions of initial starting materials or including certain types of aggregates. Si/Al ratio was
found to play an important role in determining mechanical and thermal characteristics asso
ciated with geopolymers. Previous tests showed that unlike other materials, geopolymer may
be stable up to 1300C [11], making them perfect candidates to be used for thermal protec
tion of concrete structures. Such applications may include, but are not limited to, fire-prone
construction buildings, nuclear plants, and other structures subjected to high temperature
environments.
Chapter 2
Work Objectives
The objective of this work is to investigate the potential use of geopolymeric materials as
the coating for concretes in high temperature applications. In order to determine whether
these material can serve as a suitable thermal barrier in concrete structures, its behavior
over 25-800C temperature range was analyzed. Characterization of samples was necessary
to gain better understanding of geopolymer thermal behavior. Two compositions with vary
ing Si/Al ratios were considered for this analysis. The first configuration is metakaolin-based
(designated MK) with Si/Al ratio of approximately 2. Metakaolin-based samples with ad
dition of silica (designated MKS) comprised the second set of specimen. Their composition
corresponded to Si/Al ratio of 6.
The following tests were conducted in order to characterize prepared geopolymeric sam
ples:
1. Thermogravimetric analysis (TGA) was performed to monitor the effect of increasing
temperature on the thermal stability of geopolymer samples.
2. Infrared analysis was used to determine functional groups present in the samples after
their synthesis. In particular it was employed to establish the kinds of molecular
structures within the material. This approach was useful in following the changes that
occur when altering starting reagents and their proportions.
3. Scanning electron microscopy (SEM) study was conducted to reveal geopolymer mi
crostructure. Observed differences were related to the material behavior and its proper
ties. This technique can provide information about microstructure changes that occur
upon heat treatment of geopolymer samples.
The results obtained from the testing of geopolymers was applied to determine whether
geopolymer can be used as a suitable coating to protect concrete from elevated temperatures.
Both quantitative and qualitative analysis were performed by means of observation and
experimentation. Geopolymer was applied to mortar cubes as described below in order to
demonstrate high temperature application of this new material. The following procedure
outlines the steps taken in reviewing the effectiveness of geopolymer coatings.
1. Apply metakaolin-based polymer to mortar cubes. Mortar specimen are covered with
0.25" thick geopolymer coating and cured at 65C as described in Sample Preparation
Section.
2. Expose the resulting samples to 450C and 800C for one hour. These temperatures
were chosen based on the extensive literature search presented in Literature Review
Section of this work. Concrete was shown to deteriorate starting at 400C and lost
most of its original compressive strength at 800C.
3. Test coated and unprotected mortar samples for compressive strength to determine
wether geopolymer offers any thermal protection to concrete and to what degree. The
effects were quantified based on the percentage of strength lost after heating the spec
imen.
4. Conduct Fourier Transform Infrared (FTIR) analysis on protected samples and com
pare the results to those seen for the unprotected mortar. This will provide a sense
of chemical changes occurring within the specimens as a function of temperature and
geopolymer coating.
5. A scanning electron microscopy study was performed to record microstructural changes
in concrete. The test was carried out on all heated specimens in order to compare
microstructure across the samples. Photographs were made on the exterior surface of
the mortar cube as well as of its interior portion to track microstructural changes as a
function of distance from the heat source.
6. Repeat procedure in 1-5 above using geopolymer with higher Si/Al ratio.
A recommendation on using geopolymers for thermal protection of concrete is made. The
reasons for choosing a certain chemical composition for the polymer are described in detail.
Chapter 3
Literature Review
Numerous studies on the properties of concrete and geopolymer have been done in the
past decades. An evaluation of changes in concrete properties as a function of temperature
is presented and proposed solutions for maintaining thermal stability of the material are
considered. Geopolymeric materials are then examined as an alternative way to prevent or
reduce concrete deterioration. Their insulating properties as reported by researchers in the
field are explored to serve as the basis for further discussion.
3.1 Concrete
After the collapse of the World Trade Center in September 2001, Federal Emergency
Management Agency (FEMA) conducted a study concerning building performance [12]. Fire
protection of concrete and steel structures was one of the main concerns addressed in this
study. FEMA's report emphasized the inadequacy of current fire standards as they rely
on laboratory testing. Most laboratories are unable to accommodate real-size structural
members. Consequently, the results that they provide should be used solely for comparative
purposes rather than as a deciding factor in engineering design and evaluation of structural
performance.
Protecting concrete's structural stability at elevated temperatures may be useful in case of
fires as it would allow more time for emergency evacuation. A survey conducted by National
Institute of Standards and Technology (NIST), revealed that out of 22 cases recorded between
1970 and 2002 seven building destructions and total collapses occurred in concrete structures
[13]. Fire, usually uncontrolled for a prolonged period of time, was the cause of all of these
documented accidents. If the appropriate protective measures are taken, the structure may
obtain only minimal damage and consequential repairs would be unnecessary. On the other
hand, if concrete is not protected, it would deteriorate much quicker, creating dangerous
environments. Such situation occurred in July of 2001 during the fire inside the tunnel
in Baltimore, Maryland caused by the derailment of the train carrying liquid tripropylene
[14]. The tunnel surface wall temperatures reached approximately 800C, resulting in severe
damages.
Concrete is one of the most widely used materials in construction. It can support large
loads and carries significant stresses when those loads are applied. Since concrete's mechani
cal and thermal properties largely depend on raw materials and their relative proportions, as
well as porosity and the age of concrete, it is important to provide a comprehensive review
of studies on the evaluation of concrete performance under high temperature conditions.
3.1.1 High Temperature Effects
As was mentioned previously, concrete does not perform well at elevated temperatures.
Water evaporation from concrete results in large amounts of shrinkage within the mate
rial [15], which in turn causes cracking and spalling [6] [16] [17]. Moreover, evaporation of
constituent water from concrete results in the loss of structural integrity, strength loss, re
duced ability to withstand impacts, carry loads and may cause structural collapse. Volume
changes can also be attributed to the chemical dissimilarities between the cement and aggre
gates that are combined during concrete production [15]. Some of the constituents, such as
quartz and calcium carbonate, polymerize or undergo chemical transformations with added
heat, resulting in nonuniform shrinkage and expansion. Having different coefficients of ther
mal expansion, concrete constituents are thermally incompatible. Voids are produced upon
temperature rise. According to Li et al. [6] and Poon et al. [7], these changes become
noticeable around 400C. They are revealed as a substantial strength loss and subsequent
collapse of the structure. El-Hawary et al. reported a decrease in modulus of elasticity and
shear modulus with temperature increase [18]. FEMA study on structural stability pointed
out that concrete loses half of its original modulus of elasticity at 400C as indicated in
Figure 3.1 [12].
Temperature pf)
Figure 3.1: The effect of temperature on the modulus of elasticity strength of different types of
concretes
Weigler and Fischer reported that about 80% of the original strength is maintained if
the specimen is heated to no more than 300C [19]. By the time concrete reaches 600C,
about 46-79% of its strength is gone, as compared with 7-21% remaining after 800C [7] [17],
depending on initial composition. It is a common practice to consider 600C as the temper
ature beyond which concrete is no longer structurally sound [17]. Since concrete is one of
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the most popular construction materials and plays an essential role in protecting steel from
elevated temperature in reinforced concrete, some form of protection is necessary to shield
the exposed surface of concrete from the heat.
Some of the compressive strength of concrete can be recovered through post-fire-curing
process. The process, examined by Poon et al. [7], is based on the rehydration of the cement
grains and lime contained in the concrete mixture. Experiments showed that water-recured
normal strength concrete specimen regained 61-85% and 31-56% of their original strength
after being subjected to temperatures of 600C and 800C, respectively. Air-recuring is also
possible but is 15-20% less effective than that done in water environment. Overall, this
technique is not very efficient for concretes subjected to temperatures of 500C and higher,
as large cracks that can not be refilled are developed at above-mentioned temperatures.
In addition, constant moisture supply is necessary to expedite the recovery process and to
ensure that the strength is regained to the maximum extent. This may prove to be cost
prohibitive for large structures. More importantly, such an action is not realistic for real-
world stress-bearing structures due to their large sizes and the need for immediate support
after the fire as concrete would be unable to withstand developed stresses.
Since repairing concrete microstructure after material has been subjected to elevated
temperatures is not efficient and may be quite expensive, other ways of protecting it are
necessary. Most studies concentrate on combining aggregates in such proportions as to
obtain greater thermal stability. Furthermore, other components may be incorporated into
the mix in addition to standard ingredients used. These additives act to increase specific
heat and decrease thermal diffusivity and thermal conductivity of the concrete in order to
improve its insulating capabilities [20]. A high value of specific heat is desired as it represents
the amount of heat required to raise the temperature of the material by one degree Celsius.
At the same time, low thermal conductivity and diffusivity are indicative of the material
that is not easily influenced by the temperature changes in the surrounding environment.
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In a study conducted in Korea, an evaluation of basaltic concrete at high temperatures
showed that a reduction of thermal conductivity of more than 40% and 53% occurs at 500C
and 900C, respectively. Similarly, thermal diffusivity values decreased by 49% at 500C
[21]. Such level of thermal stability can be achieved by introducing various additives into
the concrete mix. For example, Xu and Chung [20] found that an addition of silica fume
reduces thermal conductivity by about 34%, while Kim et al. [22] reported a reduction of
33% when cement is completely replaced with slag. The addition of silica fume also increases
the value of the specific heat [20] .
3.2 Geopolymer
Geopolymer is an inorganic polymeric material, also known as polysialate, which consists
primarily of silicon, aluminum, oxygen, sodium or potassium, and water [4]. It belongs to
the class of amorphous aluminosilicates that can be cured at ambient temperature and
atmospheric pressure. These materials were first recognized by V.D. Glukhovsky as "soil
cements". He claimed that in ancient concretes, substances derived from the reaction of
aluminosilicates with high pH alkaline solutions exhibited superior properties due to the
coexistence of calcium silicate hydrate (C-S-H) and alkaline aluminosilicate hydrate. The
latter material represents an impure form of what is now known as geopolymer [23] .
Beginning in 1970s, French chemist Joseph Davidovits examined the chemical structure
of alkali activated aluminosilicates and introduced the term geopolymer as a conventional
name for these materials. The main purpose of geopolymers was to replace other conventional
plastics and cements that would easily ignite and burn at relatively low temperatures, with a
material of greater thermal stability. One of the first uses of geopolymers was in themanufac
turing of sintered weatherproof panels [24]. Davidovits and his co-workers further advanced
the field of geopolymers in the 1980s by developing mineral polymers called polysialates that
could be polymerized at temperatures of up to 120C [25]. Davidovits became one of the
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leading investigators in the field of geopolymeric materials, opening Cordi-Geopolymere, a
company specializing in geopolymer research and development.
As shown by the previous research [4] [11], geopolymer's strength, hardness, thermal dif
fusivity and conductivity highly depend on composition, especially silicon to aluminum ratio.
Consequently, its properties can be altered to fit specific application requirements. Accord
ing to Barbosa et al., in contrast to concrete, geopolymers perform well under temperatures
as high as 1300C [11]. Thus, geopolymer may be a suitable material to create a thermal
barrier between exposed concrete and its environment.
3.2.1 Terminology
Polysialate, an abbreviation for silicon-oxo-aluminate [5], is a designation that was sug
gested for the chemical structure of geopolymer. Sialate is a chain of silicon and aluminum
tetrahedrons that are bonded together through shared oxygen bridges [26] as shown in Figure
3.2. According to the Loewenstein's aluminum avoidance principle, two aluminum molecules
O 0
-Si-O-
O 1 O J o
SiO SIOSi-O-
Figure 3.2: Sialate chain
cannot be bonded together by an oxygen [5]. Thus, an aluminum tetrahedron has to be
linked to a silicon molecule, limiting the number of obtainable chemical structures. In order
to differentiate between various combinations of these molecules, geopolymers are divided
into several groups according to chemical structure units that they form. Some of the basic
designations are as follows [11]:
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Unit Name Chemical Structure Designation
Sialate
Sialate siloxo
Sialate disiloxo
-Si-O-Al-O-
-Si-O-Al-O-Si-O-
-Si-O-Al-O-Si-O-Si-O-
PS
PSS
PSDS
Table 3.1: Geopolymer designations as proposed by J. Davidovits
3.2.2 Processing and Synthesis
Most of the raw materials used for geopolymer formation are of geological origin or by
product materials. Many common minerals, such as clays and granites are good sources of
aluminosilicates [27] . Fly ash, a by-product of coal combustion, is also rich in silicon and
aluminum and can be used as a base for geopolymer formation. Silicates are found in abun
dance in kaolin, a natural material rich in kaolinite (Ai2Si20s(0H)4) [11] [28]. When kaolin is
exposed to temperatures in the range of 450-750C, it undergoes a series of chemical trans
formations. The following dehydration reaction results in a material known as metakaolin
(Al2Si207).
Al2Si205(OH)4^ Al2Si207 + 2H20
Granizo et al. [29] established that the thermal treatment of kaolin at 750C for 24 hours
yields its complete dehydroxilation. However, according to the XRD, FTIR, andMAS-NMR,
the same results can be achieved in as little as 2-10 hours, as reported by other researchers
[11] [30] [31]. The final atomic structure of metakaolin is such that it does not rehydrate in
the presence of water [28].
Unlike kaolin, metakaolin is X-ray amorphous and highly reactive in the alkaline envi
ronment [4] [29]. Geopolymers are synthesized in the presence of alkaline ions under high pH
conditions that force dissolution of silicon and aluminum [20]. Further polymerization yields
gel-like material with the following empirical formula:
Mn{{Si02UAl02)}n,wH20
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where M is a positive cation, such as sodium or potassium, z is 1, 2, or 3, n is the degree
of polycondensation, and w is the mole number of hydrated water (usually up to 7) [25].
Geopolymerization starts immediately upon mixing of the initial materials and continues
until complete curing has been reached [32]. Na+, K+, or other positive ions are necessary
for synthesis in order to cancel the overall negative charge associated with a four-coordinated
Al+3
present in the basic structure of geopolymer [26]. In general, prefix M- is used with the
polysialate unit designation, where M represents alkaline ion as described above [5].
Although geopolymerization is not yet fully understood, it is believed that it involves
two steps: dissolution and polycondensation. Babushkin et al. proposed a scheme repre
senting the possible chemical process for the dissolution of Al-Si minerals under strongly
alkaline conditions [20] [33] . Studies showed that polymerization process greatly depends on
the concentrations of starting materials as well as their relative proportions, temperature,
and time of reaction [20] [29] [34]. As expected, the rate of geopolymer formation increases
with temperature, sometimes making it difficult to attain uniform mixture due to the un
intended formation of clusters rather than smooth slurry [35]. Reaction degree increases
with increased activator concentration [29]. However, there exists a critical liquid/solid ratio
beyond which metakaolin no longer forms new polymer, but falls out as precipitant instead.
Water, aluminum, and silicon content were shown to be critical for the proper hardening of
the geopolymer [11]. In their research, Barbosa et al. polymerized seven geopolymers with
various Si02/Al203, Na20/Si02, and H20/Na20 ratios in the presence of sodium alkaline
ions [11] [36]. It was shown that geopolymer attains best mechanical properties when the
Si/Al ratio is equal to 2. This composition yielded a material that could be cured at temper
atures not exceeding 65C and had a compressive strength of 48.1 MPa. This research group
also reported slow curing of samples with high water content even at elevated temperatures,
which, in turn, resulted in poor compressive strength and hardness.
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3.2.3 Properties
Most of the early work associated with geopolymeric use in high temperature environ
ments targeted industrial applications rather than academic research [5]. Therefore, the ma
jority of information available on chemical structure and preparation of geopolymers comes
from patent literature [24] [25] [37] . Early work related to geopolymers was concentrated on
manufacturing of sintered panels that utilized silico-alkaline mixtures to achieve fire-proof
material [24].
Table 3.2 lists properties that are commonly associated with geopolymers. These proper
ties were obtained through experimental results, which means that they may vary if different
starting materials, concentrations, and sample preparation techniques are used.
Property Reported Value
Compressive Strength [11] 48.1 MPa
Thermal Diffusivity [4] 225 x 10~8 m2/s
Thermal Conductivity [4] 3.17 W/m-K
Specific Heat [4] 1.085 kJ/kg-K
Density [4] 1300 kg/m3
Table 3.2: Properties of geopolymers with Al/Si ratio of approximately 2
Research showed that geopolymer achieves its optimum mechanical properties when there
is enough alkali ions for all the constituents to react completely. The excess of Na+ ions
results in high concentration of sodium silicate due to incomplete polymerization. During
the drying stage, sodium migrates to the surface, forming sodium carbonate when it reacts
with carbon dioxide in the atmosphere. Fourier Transform Infrared Radiation (FTIR) testing
revealed that in this case the charge is not properly balanced throughout the material. The
resulting polymer lacks in both strength and hardness [36].
Attainable strength of geopolymer also depends on the order in which raw materials are
mixed, as was demonstrated by the research conducted in Madrid, Spain by A. Palomo et
al. [38]. It was found that mixing the alkaline solution with sodium silicate and then adding
metakaolin results in smaller compressive strength than if sodium silicate is added to an
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alkaline solution and metakaolin mixture. The authors attributed this behavior to the rate
of the formation of geopolymer, which was higher in the first case than in the second.
The curing time of geopolymer is not only a function of initial constituents, but also
depends on the environmental conditions, such as humidity and temperature. The setting
can take anywhere from 24 to 48 hours [10]. However, in his patent on polysialate, Davidovits
reported curing times of 30 minutes to as long as 15 hours [25]. Unlike other polymeric
materials, geopolymer can be cured at room temperature. This property makes it very
attractive for the manufacturing industry as no additional processes or equipment would
have to be involved, greatly diminishing the costs associated with production. In order to
accelerate the setting of the polymer, it can be cured in an oven at relatively low temperatures
of 65-90C. Curing times can be shortened significantly if additional sources of heat are used
during the drying stage. Geopolymers that result in good mechanical properties have a fairly
short setting time due to the large alumino-silicate to alkaline solution ratio [20]. This is
achieved by reacting large percentage of metakaolin in high pH environment [34] .
As revealed by the X-ray diffraction [5] [11], geopolymers can be either semi-crystalline or
amorphous. The degree of crystallinity depends on the curing conditions, such as moisture
contents, and initial concentrations of starting materials [32]. The experimental work done
by Barbosa showed that all geopolymer samples exhibit glassy structure regardless of the
curing temperature [11]. Figure 3.3 shows a model of the proposed structure that takes into
consideration voids necessary for metal ions and water. Together with water, positive ions
are trapped in the voids between silicon and aluminum tetrahedrons [32] . This structure was
somewhat revised from that proposed by Davidovits [39] to better fit experimental data.
Oftentimes structural applications require the material in question to have good shape
and size stability under various environmental conditions. Dilatometry analysis showed that
geopolymer remains dimensionally stable in the temperature range between ambient and
1000C [36]. Small amount of shrinkage occurs between 250C and 800C due to the water
loss and continues until 880C due to the volume changes resulting from crystallization.
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Figure 3.3: Geopolymer chemical structure as proposed by Barbosa et al.
As can be seen from Table 3.2, geopolymers are characterized by low values of thermal
diffusivity and thermal conductivity. In comparison, coefficients of thermal conductivity for
other conventional building materials, such as steel, are as much as 15 times greater [4]. Low
values are representative of the insulating materials that can withstand high temperatures
without significant negative effects on their compressive strength. These properties make
geopolymers perfect candidates for use at elevated temperatures or in the environment with
large temperature differentials.
Palomo et al. conducted quenching experiments on geopolymeric material in order to
gain a better understanding on how its properties change as temperature increases [38]. The
group concluded that geopolymer undergoes microstructural transformations upon losing
water. Further changes occur starting at 750C and continue up to 1050C. These changes
also register on infrared spectrum as an additional peak at 515-520 cm-1, corresponding to
the formation of crystalline nepheline (NaAlSiGj). Geopolymer remains in its solid state up
to 1300C, at which point it transforms into molten phase.
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3.2.4 High Temperature and Coating Applications
Previously, several attempts to utilize geopolymers as high temperature resistive mate
rials were made. In 1976 J. Davidovits proposed a method of fabricating sintered panels
by applying a layer of silico-alkaline mixture followed by a mixture of organic or mineral
particles, such as wood, which were then compressed and brought to a temperature of 80C
[24] . He noted that the obtained product was characterized by good response to temperature
changes.
Research conducted at Rutgers University in conjunction with the Federal Aviation Ad-
minstration (FAA) attempted to use carbon fiber reinforced geopolymer-based composites
for fire resistance and containment for the aerospace industry [26] . The purpose of the study
was to create a material that could withstand 50kW/m2 heat flux while preventing the
fire from spreading into the cabin, consequently reducing the number of deaths associated
with aircraft fire accidents. Conducted experiments indicated that after an exposure of the
composite to approximately 1500F for several hours, the material maintained 63% of its
original fiexural strength, while the materials currently used in aircraft industry tended to
burn, release smoke, and were completely destroyed due to fire exposure.
The geopolymeric material studied by Lyon et al. for the purpose of developing a fire-
resistant composite for marine, aviation, and transportation industries was potassium alu-
minosilicate with the empirical formula S132O99H24K7AI [9]. An unconstrained expansion
of the material was noticed dining thermogravimetric testing at temperatures greater than
250C. Such expansion was attributed to the dehydration reaction that produced steam
whose volume was significantly greater than that of the evaporating liquid. Fire calorimetry
studies showed that geopolymer-based composites did not ignite or release any appreciable
amount of heat and smoke. Their increased fire endurance as compared to other construc
tion and transportation materials means that geopolymers can be used for high temperature
applications and where combustion resistance is required.
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Barbosa et al. studied the behavior of potassium polysialate (K-PS) and potassium
sialate disiloxo (K-PSDS) at temperatures of up to 1400C [40]. In the case of K-PS sample,
they observed surface microcracking and high thermal stability. These samples did not melt
after being exposed to 1400C for one hour and were fully crystallized at the time of reaching
1000C. On the other hand, K-PSDS polymer with higher Si/Al ratio (3:1 as opposed to 1:1 in
K-PS geopolymer) did not crystallize fully and amorphous structure typical of geopolymers
was observed at 1400C. At this temperature K-PSDS sample became porous, losing its
dimensional stability. Consequently, it can be concluded that samples with the low value of
Si/Al ratio have greater thermal stability and may prove to be useful for thermal protection
applications.
Donaldson et al. [32] conducted a preliminary study on the influence of temperature
variation with thickness of the material. It was noted that the curing rate may be a function
of specimen thickness and must be considered if geopolymer is used for coating applications
in order to let the bottom layer to set before any additional layers are applied. Temperatures
between 25C and 60C were analyzed as they approximated the ambient room and oven
curing temperatures. Both experimental results and theoretical calculations showed that the
temperature differential across the thickness is insignificant for samples as thick as 30 mm
due to the relatively slow curing rate of the polymer at ambient conditions.
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Chapter 4
Sample Preparation and
Characterization
4.1 Geopolymer Preparation
Metakaolin-based geopolymer (MK) was synthesized from heat-treated kaolin, 15 molal
sodium hydroxide solution, and sodium silicate solution. Metakaolin was obtained through
dehydroxilation of kaolin at 750C for 24 hours. The chemical composition of the kaolin
(ECC International) is presented in Table 4.1. Sodium hydroxide solution was prepared from
NaOH pallets (Acros Organics) dissolved in distilled water. Commercially available STAR
Components, % mean Kaolin Sodium Silicate
Si02 49.0 26.5
A1203 36.0 -
Fe203 0.75 -
Ti02 0.02 -
CaO 0.06 -
MgO 0.30 -
K20 1.85 -
NasO 0.10 10.6
P205 - -
Loss on ignition 12.0
Table 4.1: Chemical composition of starting materials
[41] [42]
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sodium silicate solution supplied by the PQ Corporation with the composition presented in
Table 4.1 was used. The reagents were vigorously mixed in proportions outlined in Table
4.2 until a uniform slurry was attained. The mixture acquired a great level of viscosity
as soon as the reagents were combined, making it difficult to produce uniformity. Such
behavior was previously reported in the literature as well [35]. In order to facilitate the
process, metakaolin was added to the activator, formed by combining sodium hydroxide and
sodium silicate. As was described in the Literature Review chapter of this work, the order in
which the starting materials are mixed influences the attainable compressive strength of the
geopolymer. However, this research was not concerned with achieving maximum strengths,
but rather to show that such material is thermally stable at high temperatures and can be
used as a coating to protect concrete from heat exposure.
The obtained mixture was then placed into a 2 x 2 x 1 rectangular mold and cured in
Quincy Lab Model 20GC lab oven for 90 minutes at 65C. The moisture was retained in the
samples during the curing process by sealing the top of the mold with plastic film. Samples
were left covered in the mold until further testing to ensure that retained water did not
evaporate from the surface.
Metakaolin/amorphous silica samples (MKS) were made in a similar fashion, but with
an addition of powdered silica (refer to Table 4.2 for proportions). Amorphous silica was
obtained from commercial cat litter, which was heated at 450C for 3 hours. This was done
in order to eliminate aromatic compounds present in the product. The resulting material
was crushed to powder form. Particles of 300/zm or less were used for sample preparation.
The silica-containing mixture was poured into the same size molds as the MK polymer,
covered with thin plastic film, and cured for 4 hours at 65C. Upon the removal from the
oven, samples were left at ambient temperature and pressure for two more hours before being
removed from the molds. Specimens were kept covered with plastic film at all times prior to
testing to prevent water evaporation.
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Reagent, % by weight MK MKS
Sodium Hydroxide 18.3 18.3
Sodium Silicate 36.7 36.7
Metakaolin 45 27
Amorphous Silica - 18
Table 4.2: Sample preparation proportions
A set of geopolymer MK and MKS samples were exposed to 450C and 800C in a
Barnstead/Thermolyne 48000 high temperature furnace in order to analyze temperature
response and track changes that occur with an addition of heat. These specimen were
removed from the oven one hour later and cooled to the ambient temperature before being
tested.
4.2 Mortar Samples
Mortar cubes were prepared according to ASTM C109/C109M test procedure [43] in the
Civil Engineering Technology Department at Rochester Institute of Technology. One part
of Portland Type I cement was mixed with 2.75 parts of sand and 0.475 parts of water by
weight. The resulting mixture was tamped into 2-inch cube molds. Specimens were covered
with plastic film and cured at room temperature and standard humidity for at least 3 days
before being tested.
All measurements made during the experiments were based on the compressive strength
of prepared mortar samples. Consequently, it was critical to maintain uniform mortar com
position in order to achieve the same compressive strengths and establish a common baseline
for the experimental measurements. It was unnecessary for the concrete to have an optimal
compressive strength. Thus, constituents that were readily available in the laboratory, rather
than special materials were used to prepare mortar samples.
Specimens were heated to 450 and 800C. These temperatures were based on data col
lected from actual electric and hydrocarbon fires as reported in literature [7] . Mortar cubes
were cooled back to room temperature by natural convection before being tested.
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4.3 Geopolymer Coated Mortar Samples
Mortar cubes were covered on all sides with 0.25-inch thick geopolymeric mixture pre
pared as described above. In order to achieve uniform coating, special molds had to be
fabricated first. The molds were made from two pieces of polyethylene that were glued to
gether, as seen in Figure 4.1. This was necessary to ensure that the molds could be taken
apart, and would thus be reusable. In addition, this kind of mold provided repeatable and
accurate results. Polyethylene was used as a material of choice because geopolymer has a
tendency to bind to other common materials, which would hinder its reuse in the future.
GLUE
REMOVABLE
PfN
Figure 4.1: Cut-away view of a mold used for coated sample preparation
Four metal pins were inserted into the bottom of the mold and two more on each of the
four side. Pins protruded exactly 0.25 inches into the mold cavity to ensure that the mortar
cube was centered and covered with geopolymer coating of uniform thickness on all sides.
Once the required geopolymer mixture was prepared and the mold was sealed with hot glue,
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the cavity of the mold was filled approximately half way with the mixture. Next, concrete
cubes could be placed inside, squeezing extra polymer out. This method was preferred to
the direct placement of the mortar cube and subsequent filling of the mold with geopolymer
because it produced a uniformly coated sample. Since prepared geopolymer was relatively
viscous and became more so with time, it did not flow easily into the gaps between the mold
walls and the sample, leaving voids in the process. This problem was somewhat alleviated
if the molds were vibrated after being filled.
Once the mold was filled to the top, it was covered with plastic film and placed into the
oven at 65C. Samples covered with MK geopolymer were kept in the oven for one hour,
while MKS covered mortar was heated for four hours. Upon the removal of the samples from
the oven, side pins were removed in order to prevent their binding to the geopolymer. Since
the samples were not cured completely at that stage, they were left in the molds for about
two more hours at room temperature, at which point they were removed from the molds.
Coated mortar samples were heated in the high temperature oven to 450C and 800C
for one hour. They were then air-cooled to room temperature. After the completion of the
heat treatment process the coating was removed. This was done in order to provide uniform
testing area for each sample.
4.4 Sample Characterization
4.4.1 Geopolymer
Thermogravimetric analysis (TGA) is a technique that measures weight changes in a
sample as a function of time or temperature. The analysis takes place under controlled
conditions, including the rate of heat input and surrounding conditions. It is routinely used
to determine a material's thermal stability. In the case of this research, TGA was used to
confirm the ability of both geopolymer compositions to withstand high temperatures that
may arise during fires or other emergency situations in both commercial and residential
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environments. Thermogravimetric analysis was carried out at a heating rate of 10C/min
under oxygen flow using TA Instruments 2050 Thermogravimetric Analyzer in the Chemistry
Department at Rochester Institute of Technology. 10 mg samples of the above-mentioned
geopolymers were heated to 1000C, the instrument's temperature limit, and held at this
temperature for 10 min after reaching equilibrium.
Fourier transform infrared (FTIR) analysis was used to confirm the presence of geopoly
meric material as described in the literature. FTIR is a technique that allows an identification
of molecular structures within organic and polymeric materials based on the absorption of
infrared light of various wavelengths. The absorption bands are characteristic of the mate
rial structure. Their intensities and shapes vary largely for different materials. IR spectra
can be compared to the existing database to determine the nature of the structure at hand.
Chemical concentration can be established by finding the area under the IR curve. It can
then be compared to samples with known concentrations.
Infrared analysis of geopolymers was performed using a Bio-Rad FTS 3000 spectrometer
in 600 to 4000 cm-1 wavenumber range. All spectra were obtained with a sensitivity of 4
cm-1 at 64 scans per spectrum. Both MK and MKS samples were polished with sandpaper
after the curing stage was completed in order to improve the quality of the IR spectra.
Scanning electron microscopy, SEM, is used to produce a high magnification and reso
lution images of a surface with minimal sample preparation. Geopolymer morphology and
structure can be examined and compared across the samples in order to determine struc
tural changes due to different reactants present in the polymer. SEM also reflects whether
geopolymer constituents undergo complete dissolution during material synthesis. Quantita
tive analysis in terms of size, shape, and distribution of the matter can be performed. MK
and MKS samples were observed after being sputtered with a layer of gold. Characterization
involved geopolymer exposed to 450C and 800C as well as the unheated samples.
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4.4.2 Concrete
To confirm deterioration of concrete under elevated temperature conditions, mortar sam
ples were subjected to thermogravimetric analysis. Settings identical to those for geopolymer
characterization were used to perform the test.
Fourier Transform Infrared Analysis (FTIR) was carried out on five concrete samples
using Research Series FTIR by UNICAM. One unheated specimen was used to establish a
reference baseline for comparison purposes. To prepare the samples for FTIR study, concrete
was crushed to powder and sifted with 180/im grid. Approximately lmg of powder was then
mixed with 200mg of KBr. The resulting mixture was compressed with five tons of pressure
for five minutes using Grasbey Specac equipment, followed by ten minutes of compression
at the pressere level of ten tons. The obtained sample was then used to perform infrared
analysis. Obtained peaks were corrected by establishing a common baseline to facilitate
further comparison.
Unlike geopolymeric material, concrete samples did not have to be coated with conductive
material for use in the FEI Quanta 400 scanning electron microscope. Due to the nature of
the equipment, low pressures could be used. This allowed for the observation of the material
under conditions that are closer to the realistic environment. The size of the samples was
chosen so that the photographs of the concrete 's surface as well as its interior could be taken,
permitting the comparison between the two.
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Chapter 5
Analysis and Discussion
5.1 Geopolymer Characterization
5.1.1 Curing Behavior
After curing metakaolin-based polymer at 65C for 90 minutes, it was observed that
the resulting sample became hard. On the contrary, metakaolin-silica samples were still
relatively soft after 4 hours of setting at the same temperature. This can be attributed
to the ability of silica to absorb and retain water, which leads to a slower curing process.
In addition, silicon to aluminum ratio in these samples was much higher than that in MK
samples, influencing the curing behavior of the material. It was observed from the weight
measurements presented in Table 5.1 that the weight after the curing was complete did not
change significantly as compared to the original mass of the sample. This indicates that
Sample Percent Weight Loss, %
After Curing at 65C After Exposure to 450C After Exposure to 800C
MK
MKS
1.5
1.7
32.5
35.8
33.3
35.3
Table 5.1: Weight loss of samples after curing and exposure to
450C and 800C
geopolymer tended to absorb water contained in the initial constituents, such as sodium
hydroxide solution, and retained it until the evaporation temperature was reached. Since
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the curing process was conducted at approximately 65C and the sample was sealed with
plastic film while in the oven, the water was not given off to the surrounding air.
In addition to the ability to retain water, it was also noticed that MK geopolymer was
dimensionally stable. Such behavior supports the results obtained by Barbosa et al. [36]
in their dilatometry study. On the other hand, MKS samples changed their shape with
time if they were taken out of the mold immediately after being removed from the oven
chamber. This means that geopolymerization was still in process and more than four hours
are needed to achieve complete curing of the specimens. The observed dimensional changes
are in agreement with conclusions reached by Donaldson et al. [32] that the polymerization
reaction continues until the material is fully cured.
Some microcracking was observed on the surface of the metakaolin-based geopolymer
several hours after the curing process was complete. The same behavior was reported by
Barbosa [40] in the study of potassium polysialate. Gaps widened and deepened further with
time. In the case of the metakaolin-based samples with an addition of silica, there were no
visible cracks. It is believed that this was due to the slight expansion of the geopolymer and
subsequent filling of the gap after the sample was removed from the mold and fully cured as
discussed previously.
5.1.2 Thermogravimetric Analysis
Two main weight loss regions for the metakaolin-based (MK) sample can be observed in
Figure 5.1. The first one occurs at 53C. It may be attributed to the weight loss associated
with water on or close to the surface of the polymer. The mass decrease up to approximately
100C, corresponding to the evaporation of liquid that migrated to the surface during the
heating process. Another slight peak in the weight loss is seen at 121C. The sample con
tinued losing weight up to 600C, at which point its mass remained constant at 79% of the
original value.
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Figure 5.1: Thermogravimetric curves for metakaolin-based geopolymer at a heating rate of
10C/min in oxygen atmosphere
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Figure 5.2: Thermogravimetric curves for metakaolin based material with addition of amorphous
silica at a heating rate of 10C/min in oxygen atmosphere
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Figure 5.2 shows the residual weight and its derivative as a function of temperature
for metakaolin-based geopolymer with amorphous silica. Its first mass loss near 75C may
be attributed to the initial evaporation of water from the material surface. The weight
loss continued until approximately 550C, peaking at 155C. The mass remained constant
thereafter at approximately 83% of the initial value.
Metakaolin/silica sample (MKS) followed the same basic trend as metakaolin material
described above, but the main changes occurred at higher temperatures and samples retained
larger portion of their initial weight as can be seen in Figure 5.2. While the largest decompo
sition of the MK sample was recorded at 53C or less, silica-based polymer is characterized
by much smaller initial weight loss and one large, well-defined peak at 155C.
In addition, unlike MK geopolymer, MKS samples did not have any major secondary
peaks on the derivative weight curve. A small increase was recorded at 72C, but it is
almost negligible in comparison to the main peak. Similarly to theMK sample, no additional
weight loss was recorded at temperatures above 600C, meaning that the material can be
considered stable until the onset of 1000C, the temperature limit of the instrument. One
of the reasons that MKS sample exhibits greater stability as compared to the MK sample
is that silicon-oxygen bonds with 368 kJ/mol bond enthalpy are among the strongest ones
that silicon forms [44]. Molecules with strong chemical bonds has less tendency to undergo
chemical change. Since MKS samples have higher percentage of these bonds due to the larger
silica content, it retains its stability for a longer period of time. Overall, MKS polymer lost
about 17% of its total weight during the heating process as indicated by the weight loss curve
shown in Figure 5.2. This value is significantly different from that reported in Table 5.1 due
to the sample size differences. The estimations listed in Table 5.1 are for the samples whose
initial weight before curing was in the range of lOOg. This sample size is believed to better
represent
materials'
ability to retain water than that used for thermogravimetric analysis.
Such behavior can be attributed to large surface area of TGA samples as compared to their
overall weight and volume. In addition, excess water was able to migrate to the surface of
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the specimen during the time required for sample preparation before the sample could be
tested, resulting in lower values.
5.1.3 High Temperature Effects
Inspection of cured geopolymers after they were subjected to temperatures of 450C
and 800C revealed large amount of cracking in MK samples, as presented in Figure 5.3.
The number of gaps increased significantly after the exposure of the sample to 800C. It
(a) MK sample at 450C (b) MK sample at 800C
Figure 5.3: Cracking of metakaolin-based samples at 450C and 800C
is believed that gaps developed as trapped water migrated to the material surface through
voids and air pockets. The formation of steam with volume many times that of liquid inside
the sample during water evaporation resulted in the increase of gap widths. Geopolymer
heated to 450C maintained its structural stability while the one exposed to 800C crumbled
easily during handling.
MKS samples exhibited interesting behavior during the heating process. Unlike their
metakaolin counterparts, samples containing amorphous silica did not retain their original
shape and exhibited almost no cracking when exposed to
450C. The foaming phenomena,
characterized by the transformation of solid material into porous substance and accompanied
by substantial volume changes, was observed immediately after the sample was placed into
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the oven. Figure 5.4(b) shows significant amount of volume expansion when the sample is
heated to 450C. This behavior can be attributed to the transformation of large amounts
of water trapped during the polymerization reaction into steam under high temperature
conditions. According to chemical principles, gases occupy larger volumes than liquids,
(a) Room temperature (b) 450C
(c) 800C
Figure 5.4: Metakaolin/silica sample expansion when subjected to elevated temperatures
resulting in uncontrolled expansion. Since the steam did not have pathways to migrate to
the surface, it expanded inside the material, resulting in the overall volume increase.
The samples tended to shrink at much higher temperatures as illustrated in Figure 5.4(c).
The resulting sample volume was much closer to the initial volume of the cured polymer.
As the pressure inside each air pocket increased, the exerted internal force became greater
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than the strength of the thin walls separating the steam from the outside air, resulting in
the collapse of the material. This can be confirmed by the large amount of cracking and
porosities seen on the sample fired at 800C as compared to that exposed to 450C.
Despite crack development at high temperatures, geopolymer samples did not disintegrate
during the heating process and could be handled without crumblingwhen removed from high-
temperature oven chamber. MKS specimen showed signs of delamination, forming a thin
outside layer of material that separated the sample from the outside environment.
5.1.4 Fourier Transform Infrared Analysis
The IR spectrum of kaolin in Figure 5.5 corresponded well to that published in the liter
ature [45] [46]. It displayed a very strong and sharp peak at 1009-1032 cm-1 corresponding
to Si-O bond stretching [28] [47]. There is also a well-defined peak at 912 cm-1 associated
with octahedral coordination of Al with OH. The presence of water in kaolin is confirmed
by the broad pattern in the 3620-3694 cm-1 range.
Dehydroxilation of kaolin upon heating during its transformation to metakaolin is con
firmed by the absence of peaks near 3600 cm-1, as depicted in Figure 5.6. A peak at 1049
cm-1
corresponds to large concentration of Si-O bonds present in metakaolin. The shift of
the peak to the right towards higher wavenumber during the heating process is characteristic
of the conversion process. A peak at 797 cm-1 arises from Si-O-Al vibrations. Barbosa et
al. [11] and Palomo et al. [28] reported observing a similar spectrum for metakaolin. The
peaks could not be observed for wavenumbers less than 600 cm-1 due to the limitations of
available equipment.
IR spectrum of the MK sample closely correlated with published information [11] [29] [38].
As shown in Figure 5.7, it exhibited a peak at 957 cm-1 corresponding to Si-O stretching
vibrational bonds and asymmetric Al-O-Si stretching [38]. As compared to the metakaolin
peak at 1049 cm-1, this band has moved towards lower frequencies. This effect was previously
observed in several other independent studies on geopolymer characterization [48].
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Figure 5.5: Infrared analysis of kaolin starting material
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Figure 5.6: Infrared analysis of metakaolin
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Figure 5.7: Infrared spectrum of metakaolin-based (MK) geopolymer
Two other medium intensity bands are observed at 1440 cm-1 with a 1410 cm-1 shoulder
and 1648 cm-1. One of the possible assignments of the first band may be to the stretching
vibration of C-0 bond that forms upon carbonation of sodium ions when they interact with
the surrounding air, as reported by Barborsa et al. [11]. The presence of sodium carbonate
may be confirmed by the correspondence of this peak to the characteristic feature of the
Na^COs spectrum [49]. However, such assignment is not definite and other possibilities
should be examined in the future. The second peak and the broad band in 3000-3600 cm-1
region indicate the presence ofhydroxyl groups and absorbed atmospheric water, respectively.
A close correspondence of all the peaks in the MK sample to those described in the literature
confirms the claim that the material prepared for experimentation has similar characteristics
with geopolymers used by other researchers.
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The infrared spectrum of amorphous silica obtained from cat litter is shown in Figure 5.8.
It shows a very strong peak at 1065
cm-1
and a medium peak at 799 cm-1. These bands
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Figure 5.8: Infrared spectrum of silica
can be attributed to Si-O-Si asymmetric and symmetric stretches, respectively. A silanol
bond (Si-OH) shown schematically in Figure 5.9 forms when the silica surface is exposed to
the atmosphere. Peak at 972 cm-1 is due to the silanol Si-O stretch [27]. The material used
in the experiments exhibits only a small peak corresponding to water due to the heating
at 400C as was described in the Sample Preparation section of this work. All other peaks
correspond to silica's infrared frequencies, as outlined in published works [27] [45]. It can be
concluded from FTIR analysis of cat litter powder that it is a suitable source of amorphous
silica.
Polymerization of theMKS sample resulted in a shift of the 1049 cm-1 band onmetakaolin
spectrum that arises from the vibration of Si-O bond to 972 cm-1 as shown in Figure 5.10.
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Figure 5.9: The structure of lone silanol
Once again, this peak is characteristic of the geopolymeric materials based on aluminum and
silicon framework. This behavior is similar to that of the MK sample as described above.
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Figure 5.10: Infrared spectrum ofmetakaolin-based geopolymer with addition of amorphous silica
(MKS)
The traces of carbonation were detected from the broad peak at 1418 cm-1 and a small
sharp band near 1557 cm-1. The presence of water in the geopolymer may be detected by
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the development of the 1645 cm-1 peak and broad bands above 3200 cm-1. A weak broad
band developed around 2300 cm-1 . It is attributed to the presence of small amount of carbon
dioxide, which has a very strong and sharp peak in this region [49].
5.1.5 Scanning Electron Microscopy
Figures 5.11 and 5.12 present micrographs of MK and MKS samples, respectively.
Figure 5.11: SEM micrograph of metakaolin-based geopolymer
Both geopolymers show high level of porosity visible even at low magnification levels. The
metakaolin-based sample exhibited a rough surface with irregularly spaced voids. Pores
greatly varied in size, reaching approximately 100/mi. Their presence could be attributed to
the migration of trapped air or water within the material during polymerization and curing.
As droplets moved to the surface of the geopolymer, they left behind unfilled pockets. Sample
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Figure 5.12: SEM micrograph of metakaolin-based geopolymer with addition of silica
preparation technique may have caused microporosity in the final solid. Additional vibration
of samples after their pouring and the use of vacuum may decrease the number of trapped
air bubbles present. However, Kriven et al. reported seeing the same phenomenon regardless
of the method used [23]. The total number and pore size decreased, but it was impossible
or impractical to eliminate all air pockets completely.
The MKS geopolymer exhibited a glassy surface with unevenly spaced dust particles of
various sizes. This configuration is indicative of a material with amorphous structure. As
compared to metakaolin-based geopolymer, an addition of silica resulted in the formation
of larger pores, as big as 200fj,m. It is believed that they also originated from the air
bubbles entrapped inside the solid. The absence of well-defined and distinguishable particles
within the MKS sample indicated that amorphous silica dissolved to a large extent within
geopolymeric mixture.
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Micrographs of MK and MKS geopolymers show cracks that developed between the air
pockets, as illustrated in Figures 5.12 and 5.13. They are attributed to the movement of
water vapor inside the material as trapped gas migrates to the surface during the curing
stage.
The average gap width developed in both materials was measured to be approximately
3//m. Cracks initiated by splitting the sample during its preparation were ignored. Those
cracks were easily distinguishable from the ones formed during geopolymer curing as they
did not originate from the air pockets, but rather started at the surfaces and disappeared
with increased material thickness.
Figure 5.13: Cracking of metakaolin-based geopolymer at room temperature as revealed by SEM
Several micrographs of heat exposed samples were taken in addition to the ones described
above in order to track any changes to microstructure. The MK sample almost does not
exhibit any differences after being fired at 450C for one hour. Observable cracks are wider
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as illustrated in Figure 5.14, but there is approximately the same amount as in the unheated
specimen. Grain size and shape also remained unchanged. This indicates that the material
does not undergo significant changes upon heat treatment. It does not deteriorate due to the
formation of new gaps. It is hypothesized that if the cured polymer did not have any cracks,
only a small number of new ones would form in the high temperature environment. It is then
possible to conclude that the cracking seen in Figure 5.3 is not due to the development of
new cracks. Instead, geopolymer has microcracks present upon curing. They then propagate
and widen further with increase in temperature.
Figure 5.14: Cracking of metakaolin-based geopolymer at 450C as revealed by SEM
More significant changes are seen in the MKS sample brought to
450C and 800C as
shown in Figure 5.15(a). The surface was no longer smooth. Instead it was covered with a
large number of small bumps that were visible even without a microscope. A micrograph
taken at 73X (refer to Figure 5.15(a)) shows uneven rises, some of which contain holes.
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(a) 450C
(b) 800C
Figure 5.15: Surface of metakaolin-based geopolymer with addition of silica at 450C and 800C
as revealed by SEM
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As described above, these elevated areas were formed during gas expansion. When the
pressure force became greater than the strength of the material separating the gas from the
outside environment, formed bubble collapsed, forming holes as big as 50//m wide.
The MKS samples further developed cracks at elevated temperatures. They were harder
to distinguish due to surface changes, but could be seen relatively easily under higher mag
nifications as shown in Figure 5.16(a) on the next page. This phenomenon is even more
pronounced in silica-containing samples fired at 800C (Figure 5.16(b)).
Elevation variations on the surface of the MKS sample held at 800C are more dramatic
than in the specimen tested at 450C. This is revealed by the color changes on SEM mi
crograph presented in Figure 5.15(b). Shades of grey correspond to the features located at
different heights with respect to the observer with darker regions being further away.
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(a) 450C
(b) 800C
Figure 5.16: Cracking ofmetakaolin-based geopolymer with addition of silica at 450C and 800C
as revealed by SEM
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5.2 Concrete
5.2.1 Thermogravimetric Analysis
Figure 5.17 shows thermogravimetric curves for an uncoated concrete sample. A mod
erate weight loss at 100C can be observed, corresponding to water evaporation. The main
decomposition of concrete, corresponding to the breakdown of CaCOs, begins around 455C
and reaches its maximum at 690C [50]. This result confirms the claim in the literature that
the main changes within concrete become noticeable at 400C. It also supports the fact that
concrete deteriorates at elevated temperatures and requires some form of protection.
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Figure 5.17: Thermogravimetric curves formortar sample at a heating rate of 10C/min in oxygen
atmosphere
The comparison of thermogravimetric curves for geopolymer and mortar samples re
vealed that the geopolymer is stable in the regions where concrete starts undergoing chemical
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changes. Both MK and MKS polymers exhibit only minimal weight loss at 400-600C and
derivative weight is approximately zero in the range of 600-1000C, implying high resistance
to thermal loading. It can be concluded based on the temperature response of the above-
mentioned samples that geopolymer may be a suitable coating for the thermal protection of
concrete.
5.2.2 Compressive Strength Measurements
In order to illustrate an application of geopolymer coatings to concrete structures, it is
necessary to identity a performance measure, which can be compared across the samples
heated to various degrees. The quality of concrete may be defined by the amount of load
that can be applied before the structure undergoes yielding and subsequent collapse. Con
sequently, compressive strength was selected for comparison purposes. In addition, unlike
some of the other mechanical and thermal properties, compressive strength can be easily
measured with available equipment.
Mortar cubes were prepared in two distinct batches over the course of this research.
However, since specimen composition, curing conditions, and testing methods were the same
for both sets of samples, the compressive strength results were combined and presented as
one group, unless otherwise noted. Measurements were taken at room temperature, 450C,
and 800C. MTS Systems Corporation tensile/compression equipment was used to perform
this testing.
A control group of mortars without any coating was selected to be tested under all of
the above conditions. Compressive strengths obtained for coated cubes were later compared
to the measurements of these unprotected samples as will be described shortly. The con
trol group of mortar samples showed a well-pronounced negative relationship between the
exposure temperature and the corresponding compressive strength. The data for the three
temperatures are shown in Figure 5.18. This graph shows significant variation in the mea
surements taken at room temperature, which consequently, resulted in scattering of data
46
5500
5000
5 4500
a.
B 4000
c
I 3500
| 3000
-
<D
| 2500 -|
o
2000
1500 -
1000
200 400
Temperature, C
600 800
Figure 5.18: Compressive strength of unprotected mortar cubes (control group) in the range of
25-800C
when samples were tested at higher temperatures. However, such behavior is not uncommon
for experimental results. This work concentrated more on the observed trends rather than
specific measurements. Several factors may be responsible for data variation. They include,
but are not limited to the aggregate variability and the amount of force used to compact the
mixture.
The graph revealed an apparent linear decrease in strength with rising temperature. How
ever, many more experiments would have to be performed at other temperatures to confirm
such a linear relationship. In general, an approximate decrease of 40% and more than 70% in
the amount of compressive strength was recorded after the cubes were exposed to 450C and
800C, respectively. Such large losses are consistent with thermogravimetric analysis, which
predicted the greatest decrease from 450C to 700C. At 30% of the remaining strength, the
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structure will no longer be capable of carrying required loads, further emphasizing the need
for thermal protection.
Coating mortar cubes with MK geopolymer significantly increased concrete's resistance
to elevated temperatures. As illustrated in Figure 5.19, the compressive strength of the
samples after heat exposure was lower than the initial values, but the downward drop was
not as sharp. The compressive strength of the mortar was measured after the coating was
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Figure 5.19: Compressive strength of mortar cubes coated with metakaolin-based geopolymer in
the range of 25-800C
removed. Consequently, the values obtained at room temperature would be the same for
coated and control groups of cubes, allowing for the same data points to be used. Only one
set of cubes was used in the analysis for this test group because unacceptably large variations
were recorded for the other batch. On an average, the value recorded at 450C for mortars
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coated with metakaolin-based geopolymer is 127% higher than that seen for control group
specimens. The difference went up to more than 203% at 800C.
For the complete comparison, compressive strength measurements were taken after the
exposure of silica-containing samples to 450C and 800C. The results are shown in Figure
5.20. The trend of strength loss for these groups of cubes was similar to that seen for
5500
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Figure 5.20: Compressive strength ofmortar cubes coated with silica-containingmetakaolin-based
geopolymer in the range of 25-800C
MK coated samples. The observed values were slightly higher in this case than for MK-
covered samples. Even though the difference was not significant, it slowly increased with
rising temperature. It is believed that the degree of thermal protection offered by MKS
geopolymeric coating would bemore pronounced at higher temperatures after a longer testing
period.
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In order to observe an overall trend of strength loss with temperature increase while
concrete was being protected by each of the two geopolymer compositions, average values of
compressive strength presented in Table 5.2 had to be calculated. They were then normalized
Temperature
C
Percent of Original Strength, %
No Coating MK Coating MKS Coating
25
450
800
100
61.6
32.5
100
73.7
53.4
100
75.3
54.2
Table 5.2: Percent original strength retained by the mortar after exposure to 450C and 800C
to 100% relative to the measurements taken at room temperature to create a trend graph in
Figure 5.21.
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Figure 5.21: Trend of compressive strength loss over the 25-800C temperature range for unpro
tected, MK-, and MKS-coated mortar cubes
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From the graph, it can be seen that MK and MKS geopolymers offer comparable thermal
protection to concrete. Almost 55% of the original strength is retained at 800C as com
pared to the 32% without the coating. Amorphous silica-containing coating outperforms its
counterpart at all of the tested temperatures. The differences between the two compositions
diminished slightly with temperature increase. However, these differences may not be sta
tistically significant due to the variation in the experimental data. Measurements taken at
other temperatures would be helpful in establishing a more accurate trend of the strength
loss.
5.2.3 Scanning Electron Microscopy
Concrete microstructure was compared across all samples in order to follow the changes
on the microscopic level. The photographs, taken at the University of Tras-os-Montes and
Alto Douro in Portugal, show signs of considerable deterioration with temperature.
Figure 5.22: Micrograph of cured mortar
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The microstructure of unprotected concrete shown in Figure 5.22 closely resembles that
reported in the literature [51] [52]. The matrix displays several hydrated phases, consisting
primarily of calcium silicate hydrate (C-S-H), and smaller proportion of Ca(OH)2 (C-H)
with visible aggregate particles and a few pores. Significant amount of damage can be easily
detected at 450C. It is characterized by the large amount of voids seen in Figure 5.23. The
Figure 5.23: Mortar microstructure after exposure to 450C
increase in void content could be the result of the loss of bound water. In addition, Figure
5.23 shows long cracks that developed alongside aggregate boundaries. Evaluation of the
surface and interior parts of the mortar cubes revealed that the degree of thermal damage
is significant in both locations.
Visible damage in the form of voids and deformation of Ca(OH)2 crystals is even more
pronounced in samples exposed to 800C as seen in Figure 5.24. As compared to the samples
fired at 450C, more microcracks could be observed within the material both on its surface
52
Figure 5.24: Mortar microstructure after exposure to 800C
and in the interior part. Since the observed strength is directly related to the retention of
moisture, the void content was a good indication of the amount of retained strength. As
porosity of concrete increased, the load-carrying capacity decreased, explaining the signifi
cant drop in compressive strength.
The trend ofmortar deterioration is apparent for geopolymer coated cubes as well, but the
degree of damage is not as great. The interior microstructure of MK-covered cubes, shown
in Figure 5.25(a), was similar to that of the unprotected concrete at room temperature.
As compared to the control group at 450C, the amount of voids formed after the loss
of constituent water was much less and they were significantly smaller in size. The average
size of the openings seen on the unprotected mortar is approximately twice as big as that
found in the MK-coated samples. Less damage to the microstructure translated directly into
higher compressive strengths.
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Figure 5.25: MK-coated mortar microstructure after being exposed to 450C
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Unlike its interior part, an uncommon microstructure presented in Figure 5.25(b) was
observed on the subsurface of the mortar specimen. The matrix appeared to be a lot more
homogeneous and fused in a continuous pattern so that there were no visible pores. However,
sintering should not have been detected after heat treatment at 450C as this temperature
is too low for the particle fusion to occur. It was thus hypothesized that a chemical reaction
takes place on the mortar/geopolymer interface. Since concrete is rich in silicon and alu
minum, it produced a favorable environment for the infiltration of constituent water present
in geopolymer. The above-mentioned reaction takes place only on the concrete surface, ex
tending no more than several millimeters deep judging from the micrographs of the sample
taken at different locations.
As seen in Figure 5.26, at 800C the microstructure was more open both on the surface
and the interior, resembling the photograph of unprotected concrete taken at 450C. The
pattern of continuity was still observed on the surface. However, some aggregate particles
and damaged concrete matrix were distinguished as well. The sample became more porous
towards the interior part of the cube. The void content was much less than that seen in
Figure 5.24, but the microstructure was comparable.
SEM photographs of MKS-coated mortar presented in Figure 5.27 exhibited more simi
larities with those for plain concrete rather than MK-protected cubes. The void content was
significantly less than for the unprotected samples, but there were no visible signs of sintering
both on the surface and in the interior of heat treated cubes. At 450C and 800C, only a few
pores could be detected. Overall, both micrographs resembled the one in Figure 5.22 with
the exception of crystal deformation seen at 800C. Consequently, since the microstructure
of the MKS-coated cube suffered minimal damages, its final compressive strength would be
higher than that recorded for the unprotected concrete.
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Figure 5.26: MK-coated mortar microstructure after being exposed to 800C
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Figure 5.27: MKS-coated mortar microstructure (interior) after being exposed to 450C and
800C
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5.2.4 Fourier Transform Infrared Analysis
Fourier Transform Infrared analysis, performed during the visit to Portugal, revealed
some definitive changes that occurred when concrete was exposed to various temperatures.
The spectrum for the unheated mortar cube, presented in Figure 5.28, was taken as a refer
ence for comparing the samples. It showed peaks characteristic of calcium carbonate bonds
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Figure 5.28: Infrared spectrum of unheated concrete
in concrete in the 1434 cm-1 and 877 cm-1 regions. They correspond to C-0 stretching and
C-0 out-of-plane bending, respectively [27] [45] [50]. The band at 1000 cm-1 correspond to
vibrational bonds in amorphous silica present in cement and sand as was described in the
section on infrared analysis of geopolymers. Constituent water contained within the samples
is indicated by the peaks at 3430 cm-1 and 1639 cm-1.
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Infrared spectra of heated cubes exhibited similar peaks as can be seen in Figures 5.29(a)
and 5.29(b). Si-O band around 1000 cm-1 shifted towards slightly lower wavenumbers, while
a shoulder associated with Al-OH group, visible on the spectrum taken at room temperature
at 1087 cm-1, separated from the main peak and developed into a well pronounced band at
1147 cm-1. The loss of constituent water is visible through the shrinkage of the broad peak
around 3430 cm-1 and 1640 cm-1.
In the case of mortar samples protected with metakaolin-based coating, the changes are
not very apparent, especially in the case of cubes exposed to
450C as presented in Figure
5.30. The amount of water loss is significant comparing with the unprotected specimen fired
at the same temperatures. However, the intensity of the peak in Figure 5.30(b) developed at
1147 cm-1 is not as great as that observed for the uncoated cubes. In addition, there is no
shoulder in the 1500 cm-1 region that could be seen for unprotected concrete heat treated
at 800C.
As presented in Figure 5.31, infrared spectrums ofMKS-coated mortars are similar to the
MK-covered samples described above. At 450C, the damage is minimal. It is characterized
by the evaporation of water seen as the absorbance reduction at 3430
cm-1
and 1640 cm-1.
In addition, a small shift of the Si-O band at 995
cm-1 as well as the disappearance of
the shoulder at 1087 cm-1 were observed for heated specimens coated with MKS geopoly
mer. In general, the changes presented in the IR spectrum of MKS-protected cubes are less
pronounced at high temperatures than those seen for the metakaolin-based coating.
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Figure 5.29: Infrared spectra of concrete exposed to 450C and 800C
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Figure 5.30: Infrared spectra ofMK-coated concrete exposed to 450C and 800C
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Figure 5.31: Infrared spectra of MKS-coated concrete exposed to 450C and 800C
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Chapter 6
Conclusions and Suggestions for
Future Work
6 . 1 Conclusions
The presented work focused on geopolymer characterization as well as proposed its ap
plication in the construction industry. Compressive strength tests showed that geopolymeric
coatings based on metakaolin are effective thermal barriers that can be used to isolate con
crete from high temperature environments. They exhibit better thermal stability than con
crete up to 1000C, which makes them perfect candidates for high temperature applications.
Moreover, geopolymer properties can be tailored to fit specific project requirements, as their
properties largely depend on starting materials and concentrations. This was successfully
demonstrated through characterization ofMK and MKS geopolymeric mixtures. Both com
positions could be cured at room temperature or temperature as low as 65C, providing for
manufacturing process simplification. At the same time, they showed high degree of thermal
and dimensional stability at temperatures of up to
800C.
Based on the test results described in the previous chapter, it is recommended that
metakaolin-based geopolymer with addition of amorphous silica be used as a protective
coating for concrete. This recommendation is based on the following facts:
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Concrete samples containing amorphous silica showed minimal deterioration with in
creased temperature according to the thermogravimetric analysis. They retained a
greater percentage of the original weight than did their metakaolin-based counterparts.
Silica containing geopolymer expanded when subjected to elevated temperature, offer
ing greater thermal insulation due to the presence of air voids.
MKS geopolymer exhibited superior adhesion to concrete during the testing as com
pared to its metakaolin-based counterpart. This was true for samples exposed to any
temperature of up to 800C.
Even though there were no significant differences between the two compositions of
geopolymer based on the compressive strength measurements, MKS-coated mortar
experienced the least amount of microstructural and chemical changes based on the
infrared analysis and scanning electron microscopy studies. The final microstructure of
these concrete samples resembled that of the unprotected cubes at room temperature.
6.2 Future Work
As with any research work, further experiments and testing need to be conducted to
gain better understanding of the materials in question and to study their applications in the
current industry. Some of the suggested improvements are outlined below:
In the case ofmetakaolin-based geopolymer, an additive may need to be introduced to
the geopolymer composition to prevent samples from developing cracks over time. Rhe
ology changes may facilitate material handling through greater workability. Moreover,
this may increase chemical binding of the coating to concrete, increasing its overall
performance.
Most of the published experimental results reviewed during the course of the project
indicate several peaks on the infrared spectrum in the range of 400-600 cm-1 . However,
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due to the equipment limitations it was not possible to observe and record any of those
bands. Future work can focus on obtaining additional IR peaks in order to perform
more complete characterization of geopolymeric materials used in this study. Such
characterization, especially ofMKS material, would be helpful for better understanding
the process behind polymerization and protection offered by this material.
One of the greatest problems encountered during the completion of this research was
the inability to control the initial compressive strength ofmortar. It is suggested that a
method of preparing mortar cubes with uniform compressive strength be proposed for
future studies. Such methods may involve the use of vibrating plates or similar devices
with integrated timers to control the amount of load applied during the packing of
mortar mixture into the molds.
An additional in-situ monitoring of the compressive strength may be done on coated
mortar cubes and unprotected samples to gain a better understanding of the changes
in mechanical properties. This includes measuring the strength during the firing rather
than after the samples have been cooled to the ambient temperature. Measurements
taken in such a manner would provide a more precise set of data.
Some of the future work may be focused on studying the interface of concrete and
geopolymer and their interaction during the heat treatment process. Understanding
the degree of surface adhesion, expansion, cracking, and other interactions may pro
vide information on the benefits of one composition over the other. It may also help
to explain the reason behind greater thermal protection offered by sihca-containing
samples than their metakaolin counterparts.
It is important to ensure that MKS geopolymer will retain its adhesive and insulation
properties over extended periods of time. It is believed that expansion and foaming
effects are responsible for the higher level of thermal protection offered by the silica-
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containing geopolymer. Consequently, these effects must be sustained for several years
after the initial application in various environments.
66
Appendix A
Collected Data: Compressive
Strength Measurements
Tables in this section present a summary of measured compressive strengths for mortar
samples, coated and without any protection, at room temperature, 450C, and 800C. Each
table corresponds to a particular set of samples. Prepared mortar cubes had dimensions of
2 x 2 x 2 in. Coating, if any, was removed before testing.
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Unprotected MK-coated MKS-coated
Room Temp. 450C 800C 450C 800C 450C 800C
3950 3138 1455 2825 2463 3474 2150
5003 2200 1425 2981 2250 3172 1900
4000 2520 1270 2498 2363 2555 2275
5010 2550 1200 2870 2550 2544 2763
4855 2163 1300 2980 2025 3285 2300
3475 2300 1480 3443 2475 2842 2595
3835 2950 1275 3732 2175 3640 1980
4768 2077 3452 1947
3860 1920 3297
3915 2034 2847
4555 1936
3925
4835
3875
4283
3495
4443
3565
3568
3805
3771
Mean 4133 2546 1344 3047 3111 2206 2239
Standard Deviation 516 374 108 412 390 228 312
Coeff. of Variation 12.5 14.7 8.1 13.5 12.5 10.3 13.9
Table A.l: Compressive strength (psi) of Unprotected, MK-, and MKS-coated mortar cubes at
room temperature, 450C and 800C
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Appendix B
Scanning Electron Microscopy and
Infrared Analysis
This section presents a set of scanning electron microscope micrographs and infrared
spectra described in previous chapters. The photographs and graphs are shown for com
parison purposes. Larger images are given in the Analysis and Discussion section of this
work.
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(a) Room temperature (b) 450C
(d) 450C
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(e) 800C
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Figure B.l: Scanning electron microscope (SEM) micrographs of unprotected (a), (b), (c), MK-
coated (d), (e), and MKS-coated (f), (g) mortar microstructure at room temperature
and after exposure to 450C and 800C
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Figure B.2: Infrared (IR) spectra of unprotected (a), (b), (c), MK-coated (d), (e), and MKS-
coated (f), (g) mortar at room temperature and after exposure to
450C and 800C
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